ABSTRACT. The paper reports palynology and palynofacies studies of lignite-bearing sediments exposed in an opencast mine succession at Surkha, Bhavnagar District, in the coastal region of Gujarat, India. The study examined the relationships between the palynoflora, sedimentary organic matter and environment at the time of deposition of lignite and associated sediments. Based on dinoflagellate cyst biostratigraphy, the sedimentary succession is dated as early Eocene (Ypresian). Palynofacies studies helped reveal the palaeoenvironmental fluctuations. The dominance of angiosperm pollen grains, freshwater algae, microthyraceous fungi and a large share of land debris in the lower part of the succession suggests a freshwater swamp environment of deposition for the basal lignite facies. Two cenozones -Matanomadiasulcites maximus and Lakiapollis ovatus -were identified in the lower lignite facies, determined from the dominance of these pollen grains in the palynological assemblages. The presence of angiosperm pollen grains and pteridophyte spores in the carbonaceous shale horizon above the lignite facies indicates a change in the depositional regime from freshwater swamp to lagoonal. This was identified as the Arecipites wodehousei cenozone due to its numerical abundance in the assemblage. Dinoflagellate cyst abundance and diversity, and microforaminiferal test linings along with well-sorted terrestrial debris in the mudstone in the upper part of the succession suggest a more open marine estuarine type of depositional environment. The Homotryblium complex along with Cordospheridium fibrospinosum, Kenleyia sp., and Thalas siphora pelagica dinoflagellate cysts are the main representatives of this zone, determined as the Homotryblium tenuispinosum cenozone. The changing depositional settings (freshwater swamp-lagoonal-estuarine) along the vertical succession indicate a marine transgression in this region. Results from palynological studies of early Palaeogene successions of the Cambay and Kutch basins correlate well with the present findings.
INTRODUCTION
The early Palaeogene greenhouse period has attracted much attention over the last decades, as it provides a natural example of vegetation response to global warming (Morley 2000, Zachos et al. 2001 , Wing et al. 2005 . The palaeoclimatic and palaeoenvironmental fluctuations of this period have been studied far and wide across the globe. Extensive lignite and associated deposits were formed under fluvial and marine influences in western India during early Palaeogene post-Deccan Traps eruptions in the Cambay Basin, Gujarat, India (Samant & Mohabey 2005 , 2014 , Sahni 2006 . Various factors such as distance from the marine source, local topography, vegetation pattern, and variation in clastic supply from the land played a major role in shaping these paralic lignite deposits. Here we report the first study of palaeoenvironmental fluctuations assessed from a sedimentary succession exposed at the Surkha lignite mine (21°26′43″-21°42′00″N; 72°07′30″-72°16′30″E) in Ghogha Talukas, Bhavnagar District, Gujarat (Cambay Basin) ( Fig. 1 ), based on palynological and palynofacies parameters. The succession consists of rhythmic deposits of lignite, carbonaceous shale, mudstone, and carbonate muddy matrix (lithology in Fig. 2 ), and is considered equivalent to the Cambay Shale Formation of Cambay Basin. The organic-rich facies of Cambay Shale Formation have been identified as the major source rock unit for hydrocarbon generation in the Cambay Basin (Mohan 1995 , Banerjee et al. 2000 , Bhandari & Raju 2000 , Sivan et al. 2008 , Madhavi et al. 2009 ). The sediments are exceptional material for studying tropical floral elements and sedimentary organic matter content, their succession, the variability of the various lithotypes, and depositional environments during the early Eocene.
Palynology is an excellent tool for interpreting palaeoclimatic variations on the basis of the distribution of terrestrial and marine palynofossils in a sedimentary horizon (Traverse 1988 , Larsson et al. 2006 , while palynofacies analysis deals with the palaeoenvironmental and biological characteristics of organic facies (Tyson 1995 , Batten 1996 . Our palynological analysis of the Surkha lignite succession revealed characteristic palynomorphs originating from marine and non-marine sources. The terrestrial palynomorphs present in the sediments are spores, pollen grains, and fungal fruiting bodies; marine palynomorphs are represented by dinoflagellate cysts. Earlier palynological studies investigated the Rajpardi and Vastan lignite mines (Kar & Bhattacharya 1992 , Kumar 1996 , Samant & Phadtare 1997 , Garg et al. 2008 , Prasad et al. 2009 , Tripathi & Srivastava 2012 , Prasad et al. 2013 , Rao et al. 2013 , and there are also palaeontological studies (Rana et al. 2004 , Bajpai et al. 2005a ,b, Nagori et al. 2013 ). The present paper reports a quantitative and qualitative study of terrestrial and marine palynomorphs aimed at disclosing the vegetational pattern and palaeoenvironmental conditions at the time of deposition of the Surkha lignite mine succession, and understanding past tropical ecosystems.
GEOLOGICAL SETTING
The Cambay Basin is an intra-cratonic, north-south-trending rift sag Tertiary basin, in the western onshore part of India (Banerjee et al. 2000) . The basin is elliptical in outline, bounded by the Saurashtra uplift in the west, the hills of the Aravali range in the east, and the Kutch Basin in the north. Deposition of sediments in the basin started during the Late Mesozoic with the development of major tensional faults following widespread extrusion of the Deccan Traps basalt (Agrawal 1986 , Dayal et al. 2013 . The Deccan Traps cover the major portion of the Saurashtra peninsula and form the basement for the development of Tertiary and Quaternary sediments in the basin. The Tertiary sediments comprise grey wacks, dark grey to black grey shale, lignite, silts, fine to medium-grained sands, and grey reddish brown clays (Bhandari & Choudhary 1975) .
Stratigraphically the rock and sedimentary sequences of the basin are categorised into eight formations (Vagadkhol, Cambay Shale, Ankleshwar, Tadkeshwar, Babaguru, Kand, Jhagadia, Narmada), with the Deccan Traps forming the basement overlain by the Cambay Shale Formation (Agrawal 1986 ). The Cenozoic sediments are ca 200-300 m thick and contain various types of plant microfossils Fig. 1 . Geological map and location of the study area (e.g. spores, pollen grains, dinoflagellates, sedimentary organic matter) along with megafloral and faunal remains. Table 1 gives the general stratigraphic succession of the Cambay Basin (after Agarwal 1986).
MATERIAL AND METHODS

PALYNOFLORAL AND PALYNOFACIES ANALYSES
The study is based on the palynoflora and sedimentary organic matter (palynofacies) obtained through chemical processing of sediment samples collected from the lignite and associated sequences. Standard techniques were followed for extraction of palynomorphs and organic particles (Brown 1960 , Batten & Morrison 1983 . Sixty samples of argillaceous lithotypes (e.g. lignite, carbonaceous shale, greenish/grey clay, mudstone, siliceous clay) were collected from measured parts of a freshly exposed section. The palynological samples were collected from a 30-60 cm interval of lignite and a 20-25 cm interval of carbonaceous shale and muddy matrices. For palynofloral analysis, crushed carbonaceous shale and clay samples were kept in dilute hydrochloric acid for 18 h, followed by treatment with 40% hydrofluoric acid for 3-4 days; after decantation of the acidic water, the digested material was sieved through 20-micron mesh. The lignite samples were kept in concentrated nitric acid for 3-4 days, washed, and then treated with 3-4% solution of potassium hydroxide for 2-4 min, followed by decantation of the acidic water. To recover sedimentary organic matter, the samples were treated with concentrated hydrochloric acid for 12 h, washed 2-3 times with water, and then kept in 40% hydrofluoric acid for 3-4 days, followed by treatment with aqueous ammonia solution for 2-3 min. Macerated residues containing palynoassemblages and sedimentary organic matter were smeared by mixing with polyvinyl alcohol solution on cover slips, dried in an oven for ca 30 min., and mounted on slides with Canada balsam. The frequency of palynomorphs and types of sedimentary organic matter were determined in each sample by counting 200 palynotaxa and 500 different types of sedimentary organic matter. Recovered palynomorphs were classified following the system of classification proposed by Kremp (1955, 1956) . The classification of sedimentary organic matter (palynofacies) follows Masran & Pocock (1981) , Pocock et al. (1988), and Batten (1996) .
FLUORESCENCE MICROSCOPY
UV fluorescence microscopy was used to characterise the various types of sedimentary organic matter. Microscope slides were observed under 530-600 nm UV blue light after excitation for 2-5 min (van Gijzel 1982) to distinguish different organic constituents, which reflect the preservation state and biological origin of the components (Staplin 1969 , Tyson 1995 .
RESULTS AND DISCUSSION
PALYNOFLORAL AGE CONTROL AND COMPARISON WITH OTHER CONTEMPORANEOUS DEPOSITS OF NORTH-WESTERN INDIA
The age of the sediments of the Cambay Shale exposed at the Surkha lignite mine was determined on the basis of the presence of dinoflagellate cysts and angiosperm pollen grains. (Bujak et al. 1980 , Powell 1992 (Venkatachala & Kar 1969 , Kar 1985 are rich and have many forms also found in the present study (e.g. Lygodium sporites lakiensis, Arecipites bellus, Spinizono colpites echinatus, Lakiapollis ovatus). Thus the biostratigraphic study clearly points to early Eocene age for the Surkha succession.
PALYNOSTRATIGRAPHY
The sediments of the Cambay Shale Formation at the Surkha lignite mine contain a large amount of diverse and well preserved plantderived phytoclasts in various lithotypes. The basal and middle parts of the section show dominance of angiosperm pollen grains with abundant fungal fruiting bodies, while the upper part contains abundant dinoflagellate cysts with pteridophyte spores. The stratigraphic and ecologically significant palynotaxa were quantitatively assessed for delineation of the palynostratigraphic zonation. The different palynozones also demarcate the first and last appearance of the palynomorphs, their maximum abundance, range in the vertical column, and restricted occurrences of many palynotaxa. The temporal distribution pattern of fossil spores, pollen grains, and dinoflagellate cysts recovered from individual samples indicates four cenozones (Matanomadhiasul cites maximus, Lakiapollis ovatus, Arecipites wodehousei, Homotryblium tenuispinosum) in ascending stratigraphic order (Fig. 2 ). R e m a r k s. The overall palynoflora of this cenozone is dominated by palms. R e m a r k s. The overall flora is dominated by dinoflagellate cysts, with abundant pteridophyte spores. The overlying strata above this cenozone (samples 50-60) are devoid of any palynofloral assemblages.
PALYNOFLORA AND PALAEOVEGETATION
Our palynofloral analysis of the Surkha lignite mine section yielded a scenario of the palaeovegetation types and succession during the deposition of its various strata. The palynoflora is represented by pteridophytes (13 genera, 15 species), angiosperms (30 genera, 46 species), fungal fruiting bodies (12 genera, 12 species), dinoflagellate cysts (7 genera, 11 species), and microforaminiferal linings ( Fig. 2 ; Pl. 1, 2, 3). The palynoassemblage recorded in the section represents a large range of angiosperms assigned to families including Arecaceae, Araceae, Annonaceae, Alangiaceae, Thymeleaceae, Bombacaceae, and Anacardiaceae, and pteridophytes of Cyathaceae, Schizaeaceae, Gleicheniaceae, Polypodiaceae, and Matoniaceae. (Dilcher 1965) . The presence of fungal fruiting bodies of the family Microthyriaceae (e.g. Callimothallus, Phragmothyrites) indicates that warm humid climate with heavy precipitation prevailed during deposition of the lignite.
SEDIMENTARY ORGANIC MATTER (PALYNOFACIES)
The term 'palynofacies' refers to all acidresistant plant organic matter, recovered from sediments by palynological processing techniques using dilute HCl and HF (Combaz 1964) . The composition of sedimentary organic matter reflects the variety of environmental conditions and also suggests a certain level of potential for hydrocarbon generation (Powell et al. 1990 , Batten 1996 . The degree of preservation or biodegradation of organic matter depends on its quantity, the availability of minerals, and the physical conditions that prevailed during its deposition in the basin (Demaison & Moore 1980 , Philp 1981 . Table 3 lists the sedimentary organic matter Masran and Pocock (1981) , Pocock et al. (1988), and Batten (1996) .
DISTRIBUTION OF SEDIMENTARY ORGANIC MATTER (SOM) IN STRATA
The relative abundance of various types of sedimentary organic matter (structured terrestrial, biodegraded terrestrial, amorphous, resins, black debris, palynoflora, microforaminiferal linings) is given in Figure 3 , and the types are pictured in Plate 4. Phytoclasts are preserved in various lithotypes forming organicrich sediments, and they are characteristic of oxic-dysoxic and anoxic facies. The palynofacies of various sedimentary sequences are dominated mainly by terrestrial components transported from nearby forested areas. The organic matter types are distributed among the various sedimentary intervals as follows: 20-25%) and amorphous (5-25%) organic matter, and black debris which declines from 35% to 25% from the base to the middle part of lignite.
I n t e r p r e t a t i o n. The uniform distribution of biodegraded terrestrial, amorphous organic matter, and black debris indicates dysoxic conditions during their burial. Abundant angiosperm pollen grains of families such as Arecaceae, Annonacaeae, and Bombacaceae (Durio type), with abundant fungal fruiting bodies, are recorded in this interval. D e s c r i p t i o n. Carbonaceous shale with lignite parting, showing dominance of black debris (65%), gradually declining to 50% in the upper part, followed by biodegraded terrestrial (20-10%) and amorphous matter (2-5%); resin increases in frequency from 30% to 40% in this interval.
I n t e r p r e t a t i o n. The abundance of black debris versus biodegraded and amorphous organic matter indicates oxic conditions of burial at the sediment/water interface. The recovered material includes pollen grains of various families such as Arecaceae and Bombacaceae, pteridophyte spores of Matoniaceae and Polypodiaceae, the mangrove fern Acrostichumsporites meghalayaensis of Pteridaceae, and significant dinoflagellate cysts of Homotryblium tenuispi nosum, H. abbreviatum, and Cordosphaeridium fibrospinosum, along with fungal remains.
Samples 24-32 (7.6-9.8 m) D e s c r i p t i o n. This interval consists of finely laminated carbonaceous shale 2.2 m thick. The lower part (7.6-8.3 m, samples 24-28) shows dominance of biodegraded terrestrial (35%) followed by amorphous (20%) organic matter, black debris declining from 50% at the base to 20% in the middle, and resins (8%). The upper part (8.4-9.2 m, samples 29-32) shows 40% biodegraded terrestrial and 20% amorphous organic matter, and 75% black debris decreasing to 40% towards the top.
I n t e r p r e t a t i o n. The carbonaceous shale indicates anoxic conditions of deposition and associated microbial activity, with abundant In the lower part of this carbonaceous shale, dinoflagellate cysts of Homotryblium tenuispi nosum, H. abbreviatum, and Cordosphaerdium fibrospinosum continue in abundance, with fewer pollen grains of Arecaceae and Annonaceeae, while the upper part shows the peak of dinoflagellate cysts of Homotryblium spp., followed by Cordosphaeridium fibrospinosum, C. exilimurum, and others.
Samples 36-41 (9.9-11.6 m) D e s c r i p t i o n. The interval consists of lenticular bedded mudstone rich in black debris (70%), with structured terrestrial (20-25%) , biodegraded (15-30%) and amorphous (10%) organic matter.
I n t e r p r e t a t i o n. The interval shows oxic burial conditions owing to the large presence of black debris and structured terrestrial organic matter. Dinoflagellate cysts continue to appear, with fewer pollen grains of Arecaceae and abundant spores of Gleicheniaceae.
Samples 42-60 (11.7-14.8 m) D e s c r i p t i o n. Overlying carbonaceous shale with biodegraded terrestrial organic matter declining from 35% to 25%, amorphous organic matter declining from 10% to 5% towards the top, and black debris increasing from 80% to 85% in this facies.
I n t e r p r e t a t i o n. This phase again shows oxic burial conditions, with black debris much more abundant than biodegraded terrestrial and amorphous organic matter. The frequency of dinoflagellate cysts significantly declines, while spores of Cyatheaceae, Matoniaceae, and Gleicheniaeceae appear in significant amounts.
UV FLUORESCENCE OF SEDIMENTARY ORGANIC MATTER (SOM)
SOM from the various lithotypes showed weak to moderate responses under UV light, seen in the images of Plate 4. A majority of leaf cuticles showed more intense yellow fluorescence, while partially biodegraded terrestrial organic matter fluoresced pale yellow. The resins and amorphous organic matter showed moderate to intense fluorescence due to the heterogeneity of their constituents (Pacton et al. 2011) . The variable response of sedimentary organic matter under UV fluorescent light in sediments of the Cambay shale around the Surkha mining area indicates moderate to weak hydrocarbon generation potential.
The burial of sedimentary organic matter in various depositional settings -proximal, marginal, and distal shelves (Fig. 3) -is explained as follows: a) Proximal shelf: The proximal shelf occurs in samples 1-14. The shelf contains sedimentary organic matter derived from terrestrial sources, with abundant pollen grains. The SOM contains the highest percentage of black debris (40-50%) at the bottom and 40% in the upper part, followed by resin globules (10-60%), amorphous (10-15%), biodegraded terrestrial (18-20%) , and structured terrestrial (3-4%) organic matter, indicating dysoxic-oxic burial conditions. b) Marginal shelf: The carbonaceous shale alternating with lignite in the middle part of the section (samples [15] [16] [17] [18] [19] [20] contains spores and pollen grains. The SOM is rich in black debris (73% to 55%) towards the top, followed by biodegraded terrestrial (10-15%) and amorphous (8-3%) organic matter, resin (12-27%), and structured terrestrial (8-10%) organic matter, indicating oxic burial conditions. c) Distal shelf: The 8.0 m thick section (samples 21-50) comprises carbonaceous shale with lignite parting (1.3 m), carbonaceous shale (2.6 m), and lenticular bedded mudstone (2.0 m) in the upper part, and overlying carbonaceous shale in the lower part (2.0 m). The shelf is rich in dinoflagellate cysts, followed by pteridophyte spores and pollen grains. The fluctuation of SOM abundance between samples indicates alternating anoxic facies (samples 21-32) and oxic facies (samples 33-50).
DEPOSITIONAL ENVIRONMENT
Our palynostratigraphic and palynofacies analyses indicate the depositional environments of the lignite-bearing sequences at Surkha in the Cambay Basin. The floristic changes observed in the section exhibit a changing pattern of material supply from freshwater streams and marine sources. Initially, an enormous quantity of plant biomass from nearby vegetation around the swamp was transported by streams and accumulated in the deposition area, resulting in peat formation under low energy and reducing conditions. These conditions generally prevailed in slowly subsiding basin margins far from the river mouth and in other places along the coast where sediments were deposited very rapidly (Lütting 1977) . The thick lignite beds at the base suggest that the accommodation space created due to a rise in the level of the base was in equilibrium with the growth of the marsh that supplied the organic matter. Most lignite deposits are presumed to have been formed in lowland coastal swamp between marine and continental facies belts (Steininger et al. 1989) .
We also assessed the temporal variation of the vegetation pattern between stratigraphic levels in terms of the changing depositional environmental conditions. In the basal part of the succession the main palynological constituents are bushy plants of Annonaceae (Matanomadhiasulcites maximus) and Bombaceae (Durio=Lakiapollis ovatus). (Thanikaimoni et al. 1984 ). The present-day distribution pattern mostly covers tropical megathermal forest zones. The presence of mangrove taxa Acrostichumsporites meghalayaensis (=Acrosti chum aureum) and Spinizonocolpites echinatus (=Nypa fruticans) in the Arecipites wodehousei cenozone, and shallow marine forms (dinoflagellate cysts and microforaminiferal linings) in the Homotryblium tenuispinosum cenozone, suggests a strong marine influence resulting from a marine transgression. The topmost Homotryblium tenuispinosum palynozone indicates a substantial rise of sea level which must have flooded the coastal marshes and completely halted peat formation.
A comparison of the abundance of terrestrial and marine palynomorphs documented in the stratigraphic column helps to reveal the palaeoenvironmental changes in the area (Fig. 4C) . The plants occupied varied ecological niches. The palynozones represent the vegetation successions and sediment accumulation under three phases of deposition. The first phase, dominated by the Matanomadiasulcites maximus cenozone and Lakiapollis ovatus cenozone in a low-lying coastal zone, indicates deposition of sediments in a freshwater swamp environment. The second phase, marked by the Arecipites wodehousei cenozone, was a transition phase, suggesting a brackish lagoonal environment of deposition. In the third phase, in the upper part of the sedimentary succession, the coastal swamp was flooded by marine water as a result of a marine transgression; an estuarine environment developed, seen in the large number of preserved dinoflagellate cysts. The increase in the abundance of pteridophyte spores in the upper part of the succession indicates that pteridophytes were growing vigorously due to increased moisture in and around the depositional environment.
CONCLUSIONS
1. The palynoflora and sedimentary organic matter recorded in the succession of the Surkha lignite mine, Cambay Basin, provide important insights into stratigraphic changes in the palynoflora, vegetation, and climate of the tropical zone during the early Eocene (Ypresian).
2. The palynological data suggest a warm and humid tropical-subtropical climate which favoured the growth of coastal palms and evergreen arboreal angiosperms close to the site of deposition.
3. The data obtained show temporal fluctuation of pollen and dinoflagellate cyst content. Three phases of deposition are recognised. In Phase I, the lower part of the lignite succession, deposition took place in a lowland coastal swamp environment. In Phase II, middle carbonaceous shales, deposition took place in a lagoonal environment. In Phase III, the carbonate-rich muddy shales of the upper part of the sequence, deposition took place in an estuarine environment. Generally, deposition took place in proximal to distal shelf conditions. 4. The palynofacies data indicate high terrestrial input in the lignite-bearing sequences, and their burial in various oxic-dysoxic and anoxic facies. The fluorescence images of the phytoclasts indicate that the sediments are of moderate to weak hydrocarbon generation potential.
5. Overall, the composition of the palynoflora demonstrates the regional presence of large numbers of tropical megathermal plant families, and shows much similarity with the lowland tropical environment of the Indian subcontinent.
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